Glutathione is the major protective agent against oxidative stress in Saccharomyces cerevisiae. Deletion of the GSH1 gene (strain ⌬gsh1) encoding the enzyme that catalyzes the first step of glutathione biosynthesis leads to growth arrest, which can be relieved by either glutathione or reducing agents such as dithiothreitol. Because defects in the biosynthesis of cellular iron-sulfur (Fe/S) proteins are associated with increases in glutathione levels, we examined the consequences of glutathione depletion on this essential process. No significant defects were detected in the amounts, activities, and maturation of mitochondrial Fe/S proteins in glutathione-depleted ⌬gsh1 cells. On the contrary, the maturation of extra-mitochondrial Fe/S proteins was decreased substantially. The defect was rectified neither by addition of dithiothreitol nor under anaerobic conditions excluding oxidative damage of Fe/S clusters. A double mutant in GSH1 and ATM1 encoding a mitochondrial ATP binding cassette (ABC) transporter involved in cytosolic Fe/S protein maturation is nonviable even in the presence of dithiothreitol. Similar to atm1 and other mutants defective in cytosolic Fe/S protein maturation, mitochondria from glutathione-depleted ⌬gsh1 cells accumulated high amounts of iron. Together, our data demonstrate that glutathione, in addition to its protective role against oxidative damage, performs a novel and specific function in the maturation of cytosolic Fe/S proteins.
Iron-sulfur (Fe/S) 1 clusters are ancient and versatile prosthetic groups present virtually in every living organism. Fe/S proteins fulfil a wide variety of biological functions including electron transport, catalysis, and environmental sensing (1) . The intracellular redox potential and oxygen concentration are perceived by Fe/S cluster-containing transcription factors in Escherichia coli (2) . In higher eukaryotes, iron uptake and storage is regulated by an Fe/S protein that senses the cytosolic iron concentration (3) .
The biosynthesis of Fe/S clusters has been elucidated only recently (4) . In eukaryotes, this process is carried out by two sets of proteins. One set termed iron-sulfur cluster (ISC) assembly machinery (5) is located in the mitochondrial matrix and is composed of conserved proteins that can be found in most eubacteria and eukaryotes. This suggests the existence of a similar mechanism of Fe/S cluster formation in these organisms (6, 7) . The first components were identified in Azotobacter vinelandii where they are encoded in the nif and isc operons (8) . The role of the individual proteins and the molecular mechanism of the pathway have been studied in some detail. The cysteine desulfurase NifS/IscS releases a sulfur atom from cysteine and incorporates it into the nascent cluster (9) . NifU/ IscU and possibly IscA serve as a scaffold for the assembly of sulfur and iron ions to a nascent cluster (10 -12) . The two chaperone homologues HscA and HscB interact with IscU leading to increased ATPase activity of HscA, but their detailed functions have not been elucidated yet (7, 13, 14) . The release of the assembled Fe/S cluster from IscU is mediated by the addition of reducing agents leading to the assumption that in vivo the input of electrons occurs via the [2Fe-2S] ferredoxin Fdx (9) .
The eukaryotic ISC assembly proteins play a role not only in the maturation of mitochondrial but also of cytosolic Fe/S proteins (5) . In the latter process an additional set of components specifically participates, namely the inner membrane protein Atm1p and Erv1p of the intermembrane space (15, 16) . Atm1p belongs to the large family of ABC transporters that catalyze the ATP-driven transport of various substrates (17) . The substrate of Atm1p is not known yet, but the protein is thought to function as an exporter. The human ABC7 and the Arabidopsis thaliana Sta1 ABC transporters are orthologues of yeast Atm1p and have been shown to complement the phenotypic consequences of the deletion of the yeast protein (18, 19) . The essential protein Erv1p and its human orthologue augmentation of liver regeneration exhibit a sulfhydryl oxidase activity at their C termini (20, 21) , but their precise role in Fe/S protein maturation remains unclear.
A number of proteins participating in Fe/S cluster biosynthesis are essential for viability of yeast (4) . The crucial character of this process may explain why mitochondria are indispensable organelles and emphasizes the central role of Fe/S proteins in the eukaryotic cell. Another characteristic feature associated with defects in Fe/S cluster biogenesis is the severe effect on cellular iron homeostasis with an approximately 20-fold increase in the mitochondrial iron content and a concomitant depletion of cytosolic iron (4) . The mitochondrial iron accumulation was also induced by the inactivation of ATM1 (15) or ERV1 (16) . Because both gene products participate exclusively in the maturation of cytosolic Fe/S proteins, the inactivation of an extra-mitochondrial Fe/S protein may be responsible for this characteristic phenotype.
Glutathione, the tripeptide ␥-glutamyl-cysteinyl-glycine, makes up the major free thiol pool present in millimolar concentrations in aerobic cells (22) . The biosynthesis of glutathione requires ␥-glutamyl cysteine synthase (termed Gsh1p), glutathione synthase (Gsh2p), and ATP (23) . Glutathione is essential for viability of yeast but not of bacteria such as E. coli (24) . Yeast cells lacking Gsh1p (strain ⌬gsh1) are able to survive in the presence of an external source of glutathione (25) . Without glutathione these cells stop growing after 3 days, although at this stage some residual amount of cellular glutathione can still be detected (26) . Interestingly, growth of ⌬gsh1 mutant cells also can be restored by addition of dithiothreitol, a membrane-permeable sulfhydryl reagent (27) . This result is consistent with the central function of glutathione in the protection against oxidative stress. Upon glutathione depletion, yeast cells develop an increased sensitivity against H 2 O 2 and ionizing irradiation. Furthermore, these cells display characteristics of apoptosis, i.e. condensation and fragmentation of chromatin and phosphatidylserine exposure on the outer leaflet of the plasma membrane (28) . Even though glutathione plays a number of additional roles, the strongly decreased reducing capacity upon glutathione depletion is thought to be the reason for the loss of viability. Glutathione protects cells against xenobiotics and heavy metal toxicity (29 -31) . Xenobiotics can be conjugated with glutathione followed by excretion from the cell or transport into the lysosomes with the help of ABC transporters (32) . Heavy metals are chelated by glutathione derivatives (i.e. (␥-GluCys) 2-11 -Gly oligopeptides), which can be efficiently transported into the vacuole by the ABC transporter Hmt1p of Schizosaccharomyces pombe (33) . The metal is stored thereafter in the vacuole as a non-toxic glutathione-and sulfidecontaining complex.
We previously noted a more than 2-fold increase of glutathione in cells lacking functional Atm1p (15, 34) . Therefore, we addressed the question of whether glutathione may participate in cellular Fe/S cluster biogenesis.
MATERIALS AND METHODS

Yeast Strains and Cell Growth Conditions-
The following Saccharomyces cerevisiae strains were used: YPH 500 (MATa, ura3-52 lys2-801 ade2-101 trp1-63 his3-200 leu2-1). The GSH1 deletion strain (termed ⌬gsh1) was generated by a one-step PCR-based gene replacement using the HIS3 gene (35) . Gal-ATM1 and ⌬gsh1/Gal-ATM1 cells were generated by integrating the GAL10 promoter in front of ATM1 in the YPH500 and in ⌬gsh1 cells (36) . The cells were grown in "rich medium" (YPD: 1% yeast extract, 2% bactopeptone, and 2% glucose). For selective growth, cells were cultivated in "minimal medium" (MMD: 0.67% yeast nitrogen base, 2% glucose) (37) . The composition of the "iron-poor medium" is essentially identical to MMD, with the exception that iron chloride was omitted.
Miscellaneous Methods-Published methods were used for the manipulation of DNA (38) , transformation of yeast cells (39) , isolation of mitochondria from yeast (40) , and for breaking the cells with glass beads (41) . The enzyme activity of citrate synthase, malate dehydrogenase, aconitase, alcohol dehydrogenase (42), isopropylmalate isomerase (43), succinate dehydrogenase (44) , and the mitochondrial iron content (45) were measured as described previously. Fe/S cluster biosynthesis was measured using cells grown in iron-poor medium (36) . The immunoprecipitation of hemagglutinin-tagged Rli1p was performed by monoclonal anti-hemagglutinin antibody coupled to agarose beads and Bio2p and Leu1p were precipitated using polyclonal antibodies raised in rabbits (36) . Bio2p and the hemagglutinin-tagged Rli1p were expressed from the multicopy plasmid pRS424-GPD (16) . Experiments under anaerobic conditions were performed in a Coy anaerobic chamber. Standard methods were used for protein determination (BioRad), SDS-polyacrylamide gel electrophoresis, electroblotting, and immunostaining of the blotted proteins.
RESULTS
Cells lacking ␥-glutamyl-cysteine synthase Gsh1p (⌬gsh1 cells) require glutathione supplementation for normal growth in minimal medium. In the absence of glutathione ⌬gsh1 cells are still able to undergo approximately 10 cell divisions before growth arrest (not shown). For our studies we used ⌬gsh1 cells that were grown for only eight generations without glutathione to ensure that the cells examined were still viable. These cells contained a highly reduced amount of glutathione (0.03 mol/g of cells) as compared with the wild-type value of 3.8 mol/g. Their generation time increased to 4.1 h compared with 1.9 h observed in wild-type cells. Addition of dithiothreitol restored the ability of ⌬gsh1 cells to grow without glutathione supplementation (27) (see Fig. 5 ).
Maturation of Mitochondrial Fe/S Proteins Is Unaffected upon Depletion of Glutathione-We first addressed the question of whether mitochondrial Fe/S protein formation and activity were affected by glutathione depletion. Mitochondria were isolated from ⌬gsh1 cells grown in minimal medium without glutathione supplementation. The amount of several mitochondrial proteins including aconitase was found to be the same as in wild-type cells as determined by immunostaining analysis (Fig. 1A) . The enzyme activities of two Fe/S proteins, aconitase and succinate dehydrogenase, in ⌬gsh1 mitochondria were comparable with wild-type values indicating the presence of the Fe/S cofactor (Fig. 1B) . The unchanged activities of two other mitochondrial enzymes, malate dehydrogenase and citrate synthase, gave further proof of the integrity of the organelle.
We next measured the de novo incorporation of 55 Fe into the Fe/S protein Bio2p (biotin synthase) of the mitochondrial matrix (46) . 2 Wild-type and ⌬gsh1 cells overexpressing Bio2p were grown in the presence or absence of glutathione and were then radiolabeled for 1 h with 55 Fe in the presence of ascorbate. A cell lysate was prepared, and the maturation of Bio2p was measured by immunoprecipitation using a Bio2p-specific antibody. The radioactivity detected in the immunoprecipitate served as a direct measure of Fe/S cluster incorporation into the apoprotein (16, 36) . The incorporation of 55 Fe into Bio2p increased 2-fold upon glutathione depletion of ⌬gsh1 cells as compared with wild-type cells ( Fig. 2A) . Upon supplementation of the medium with glutathione the iron incorporation into Bio2p of ⌬gsh1 cells was similar to that observed in wild-type cells.
Finally, the amount of 55 Fe imported into the yeast cells was measured. Glutathione-depleted ⌬gsh1 cells contained a slightly higher amount of iron as compared with wild-type cells or ⌬gsh1 cells grown in the presence of glutathione (Fig. 2B) . Apparently, glutathione depletion did not impair the ability of cells to efficiently import iron and transfer it to mitochondria. Taken together, these results demonstrate that glutathione is not required for maturation of mitochondrial Fe/S proteins.
Maturation of Cytosolic Fe/S Proteins Is Severely Impaired upon Depletion of Glutathione-The maturation of cytosolic
Fe/S proteins was examined by employing the immunoprecipitation assay described above. As marker proteins we used Leu1p, an isopropylmalate isomerase required for leucine biosynthesis in yeast (43) , and Rli1p, the function of which is not yet known (15) . The incorporation of radioactive iron into both proteins decreased significantly in glutathione-depleted ⌬gsh1 cells (Fig. 3A) . Upon supplementation of glutathione to the medium, the maturation of these proteins was comparable with that observed in wild-type cells.
The glutathione requirement of cytosolic Fe/S protein maturation was further supported by determination of the enzyme activity of isopropylmalate isomerase Leu1p in an extract of ⌬gsh1 cells. The activity of Leu1p decreased strongly upon glutathione depletion, whereas that of alcohol dehydrogenase was unaffected (Fig. 3B) .
The strong decrease in Fe/S protein maturation in the cytosol may be due to a specific requirement of glutathione during biosynthesis of the cytosolic Fe/S proteins or due to oxidative damage of the Fe/S clusters before or after incorporation into the apoproteins. To discriminate between these two possibilities, the maturation of Rli1p was tested using ⌬gsh1 cells that were grown in the presence of dithiothreitol. This reducing agent can restore growth of ⌬gsh1 cells and is therefore believed to replace glutathione in its central function in maintaining the intracellular redox potential (27) . No significant improvement of the defective maturation of Rli1p in glutathione-depleted ⌬gsh1 cells was observed upon addition of up to 1 mM dithiothreitol (Fig. 4A) .
As an additional control to rule out oxidative damage of cytosolic Fe/S clusters we performed the 55 Fe incorporation experiment under anaerobic conditions. Even in the absence of oxygen the de novo formation of the Fe/S cluster in Rli1p was largely defective (Fig. 4B) . The experiment under anaerobic conditions demonstrated that the defective maturation of the cytosolic Fe/S proteins is a consequence of an impaired biogenesis of the Fe/S protein rather than its destruction by oxygen. Taken together, these results indicate that the maturation of cytosolic Fe/S proteins specifically requires glutathione. It cannot be replaced by other reducing agents such as dithiothreitol, despite their ability to adjust the cellular redox levels.
A Genetic Interaction between ATM1 and GSH1 Indicating a Functional Connection between Cytosolic Fe/S Protein Maturation and Glutathione-To obtain further evidence for a function FIG. 1. Glutathione depletion does not alter the level and activity of mitochondrial proteins.
A, immunostaining analysis for the indicated matrix proteins using mitochondria (50 g of protein) isolated from wild-type (WT) and ⌬gsh1 cells grown for eight generations in minimal medium without glutathione supplementation. Proteins were separated by SDS-PAGE and blotted onto nitrocellulose membrane followed by immunostaining. B, enzyme activities of aconitase, succinate dehydrogenase (SDH), citrate synthase (CS), and malate dehydrogenase (MDH) in mitochondria isolated from wild-type and ⌬gsh1 cells. The isolated mitochondria were solubilized in 50 mM Tris-HCl, pH 7.4, buffer containing 0.5% Triton X-100 and used immediately for determining the enzyme activities. Data were averaged from three independent determinations. The error bars represent the standard deviation.
of glutathione in cytosolic Fe/S protein maturation, we took into account that close homologues of the ABC transporter Atm1p are involved in the transport of metals bound to glutathione derivatives into vacuoles (33) . We therefore examined the connection between Atm1p and glutathione by examining a possible genetic interaction between ATM1 and GSH1. To this end, a double mutant was created in which the ATM1 gene was placed under the control of the inducible GAL10 promoter in ⌬gsh1 cells. The resulting ⌬gsh1/Gal-ATM1 cells and the single mutant strains, Gal-ATM1 (36) and ⌬gsh1, were cultivated on glucose-containing medium in the presence or absence of glutathione and dithiothreitol (Fig. 5) . In agreement with previous findings, growth of the Gal-ATM1 cells is not affected under glucose repression, even though the maturation of cytosolic Fe/S proteins decreases to 15% of wild-type levels upon depletion of Atm1p (36) . As demonstrated before ⌬gsh1 cells required either glutathione or dithiothreitol for growth (27) . In contrast, ⌬gsh1/Gal-ATM1 mutants did not show any growth even after addition of dithiothreitol providing genetic evidence for a connection between the functions of Atm1p and glutathione. The synthetic lethality may be taken as an indication for a function of glutathione and Atm1p in the same pathway, namely cytosolic Fe/S protein maturation.
Upon Depletion of Glutathione Mitochondria of ⌬gsh1 Cells Accumulate Iron-Specific defects in cytosolic Fe/S protein maturation, for example, by inactivation of Atm1p or Erv1p, have been shown to result in a drastic accumulation of free (i.e. non-heme, non-Fe/S) iron in mitochondria (15, 16) . To examine whether the impairment of cytosolic Fe/S protein formation during depletion of glutathione is accompanied by a similar mitochondrial iron accumulation, we isolated mitochondria from ⌬gsh1 cells that were grown in the absence of glutathione and measured their iron content by the bathophenanthroline method (45) . These organelles contained an ϳ20-fold higher amount of free iron as compared with wild-type cells (Fig. 6) . Restoration of the cellular redox potential by the addition of dithiothreitol to the culture medium did not prevent the mitochondrial iron accumulation in the glutathione-depleted ⌬gsh1 cells. In conclusion, glutathione-deficient ⌬gsh1 cells both exhibit specific defects in cytosolic Fe/S protein maturation and display a drastic iron accumulation within mitochondria. Hence, these cells behave similarly to cells lacking functional Atm1p or Erv1p. DISCUSSION Glutathione, the metabolite present at high concentrations in aerobic bacteria and eukaryotes, performs a wide variety of biological functions including the thoroughly studied detoxification of xenobiotics and the protection against oxidative stress (22, 26) . In this report, we examined whether glutathione plays any role in cellular Fe/S protein biogenesis. Glutathione depletion was achieved by cultivating ⌬gsh1 cells in glutathione-free medium. Under these conditions, the ⌬gsh1 cells contain a more than 100-fold lower amount of glutathione compared with wild-type cells. Glutathione-depleted ⌬gsh1 cells were able to efficiently transport iron from the medium to the cytosol. The amount of free iron accumulated in mitochondria was drastically increased showing that physiological levels of glutathione are not required as a readily accessible reducing agent for the delivery of iron to mitochondria. Fe into the cytosolic Fe/S proteins, Rli1p-HA and Leu1p, was estimated by immunoprecipitation and liquid scintillation counting. The insets show the expression level of Rli1p-HA and Leu1p as determined by immunostaining. B, enzyme activities of isopropylmalate isomerase (Leu1p) and alcohol dehydrogenase (ADH) in glutathione-depleted wild-type and ⌬gsh1 cells. After growth as described in Fig. 1A a cell lysate was prepared by vortexing with glass beads and used for the determination of the enzyme activities. Data are the average of three independent determinations, and the error bars represent standard deviation.
Glutathione was also not necessary for the maintenance of the activity of mitochondrial Fe/S proteins and for their maturation. These findings demonstrate that the ISC assembly machinery can assemble and insert Fe/S clusters into mitochondrial apoproteins without the help of this metabolite. Similarly, bacterial Fe/S cluster biogenesis performed by a homologous machinery seems to occur independently of glutathione. The E. coli strain gshA, which lacks ␥-glutamyl cysteine synthase and therefore is glutathione-deficient, preserves 75% of the aconitase activity even under aerobic conditions (24) . Hence, glutathione does not appear to be a necessary cofactor of the de novo assembly of Fe/S clusters and their insertion into mitochondrial or bacterial apoproteins.
Upon growth arrest ⌬gsh1 cells contain a low but significant amount of glutathione (this study and Ref. 26) . Therefore, we cannot rule out the possibility that these low residual levels of glutathione may be of importance for cellular iron import, transfer of absorbed iron into mitochondria, and/or biogenesis of mitochondrial Fe/S proteins. Nevertheless, our data amply demonstrate that these processes do not require the substantial amounts needed for maturation of cytosolic Fe/S proteins.
In contrast to mitochondrial Fe/S proteins, the activity and maturation of extra-mitochondrial proteins were strongly decreased upon glutathione depletion. This was evident from the low enzyme activity of Leu1p in glutathione-depleted ⌬gsh1 cells and from the impaired de novo Fe/S cluster assembly into both Leu1p and Rli1p. In addition to Atm1p and Erv1p glutathione is the third component for which a specific function in the maturation of cytosolic Fe/S proteins was shown. A strong indication that glutathione might function in the vicinity of Atm1p comes from the genetic interaction between GSH1 and ATM1. Without added glutathione the double mutant ⌬gsh1/ Gal-ATM1 strain was unable to grow even in the presence of the reducing agent dithiothreitol, which restores growth of ⌬gsh1 cells.
These findings raise the question of what function glutathione might perform in the maturation of cytosolic Fe/S proteins. In principle, glutathione may play a role in the protection of cytosolic Fe/S proteins against oxidative damage or it may participate in their biogenesis. Our results demonstrate a function of glutathione in Fe/S cluster biogenesis rather than in maintenance. First, glutathione was shown here to be necessary for the de novo incorporation of iron into cytosolic Fe/S proteins. Second, the addition of the reducing agent dithiothreitol could not restore normal maturation of the extra-mitochon- 
FIG. 5.
Genetic interaction between GSH1 and ATM1. The GAL10 promoter was integrated in front of the ATM1 gene in wild-type and in ⌬gsh1 cells. Gal-ATM1, ⌬gsh1, and ⌬gsh1/Gal-ATM1 double mutant cells were streaked out onto glucose-containing minimal medium agar plates supplemented with GSH or dithiothreitol (DTT). The plates were incubated at 30°C for 2 days and photographed.
FIG. 6. Mitochondria accumulate iron upon glutathione depletion. Mitochondria were isolated from WT and ⌬gsh1 cells grown in the presence or absence of 1 mM GSH or 0.5 mM dithiothreitol (DTT). The isolated mitochondria were solubilized in 50 mM Tris-HCl, pH 7.4, buffer containing 0.5% Triton X-100, and free iron content (i.e. nonheme, non-Fe/S iron) was determined by a colorimetric assay with bathophenanthroline disulfonate (45) . Values are the average of three determinations, the error bars represent the standard deviation.
drial Fe/S proteins, although it allowed growth and alleviated the oxidative stress in the ⌬gsh1 cells. These findings also indicate that the absence of bulk-reducing capacity is the major reason for lethality under these conditions. Third, the defect in the maturation of cytosolic Fe/S proteins could not be cured by removal of oxygen. Finally, the activity of mitochondrial Fe/S proteins was fully preserved even though this organelle, after accumulation of free iron, may likely be the major site of free radical formation under these conditions. Therefore, glutathione appears to be a novel component that is specifically required for the maturation of cytosolic Fe/S proteins. This notion is consistent with the fact that mitochondria derived from glutathione-depleted ⌬gsh1 cells, like organelles of cells lacking other components with a specific function in cytosolic Fe/S protein maturation (Atm1p or Erv1p), accumulate high amounts of free iron (16, 18) .
At which step in the maturation of cytosolic Fe/S proteins may glutathione perform its crucial function? At present, our knowledge about the mechanism of the biogenesis of cytosolic Fe/S proteins is still scarce. Components participating in this process are the ISC assembly proteins in the mitochondrial matrix, the ABC transporter Atm1p of the inner membrane, and Erv1p of the intermembrane space. The latter two proteins are believed to participate in the export of a component that is synthesized within the matrix and needs to be transferred to the cytosol for Fe/S protein maturation (6) . According to a current working model, the transported compound may be related to an Fe/S cluster or a precursor thereof (4) . Glutathione may be involved in facilitating the transport of such a component to the cytosol, possibly mediated by Atm1p. In that respect, it is interesting to note that the close homologue of Atm1p, the vacuolar ABC transporter Hmt1p of S. pombe, transports heavy metals chelated by phytochelatins, a glutathione derivative (33) . One attractive hypothesis therefore is that an Fe/S cluster is chelated by glutathione or derivatives thereof and thus stabilized for and during transport. An alternative function of glutathione may be in the transfer or insertion of the Fe/S cluster into the cytosolic apoprotein and/or in the protection of the free cysteine residues of the apoprotein from disulfide bond formation (30, 31) . Defining the precise role of glutathione in one or more of these steps will require a better understanding of this crucial process and may depend on, e.g. the identification of cytosolic components mediating these reactions.
